Abstract-Several kinds of density diagnostics have been developed and routinely operated to provide density profile information on the large helical device. A 13-channel far-infrared laser interferometer and a two-color millimeter-wave interferometer are used for monitoring the density profile. A CO 2 laser imaging interferometer has been developed for detailed profiled measurements of density and density fluctuations. A CO 2 laser densitometer measuring the Faraday rotation was developed for the long-pulse operations of large helical device. Details of each diagnostics and sample results are presented.
I. INTRODUCTION
T HE large helical device (LHD) experiments have successfully started [1] , [2] after the eight years of construction period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) . The major and minor radii of the plasma are 3.6-3.9 and 0.6-0.65 m, respectively. The magnetic field up to 3 T is generated by a pair of superconducting helical winding of pitch parameters of m and three sets of superconducting poloidal coils. The plasma is generated by electron-cyclotron resonance heating (ECRH) of 84 and 82.6 GHz, and heated up by NBI and ion-cyclotron range of frequency (ICRF). The plasma parameters obtained to date are: the electron/ion temperature of 1.0-10/7.0 keV, the line-averaged electron density of 10 m , and the maximum stored energy of 1.2 MJ.
For the electron density measurements of the LHD plasma, several kinds of diagnostics have been used: a multichannel far-infrared (FIR) laser interferometer [3] , a two-color millimeter-wave interferometer [4] , a laser imaging interferometer [5] , a three-channel tangential laser polarimeter [6] , and a YAG Thomson scattering [7] . In this paper, the density diagnostics based on refractive-index measurements are described. A 13-channel FIR laser interferometer has been routinely operated for the precise measurements of the electron density profile. The optical configuration is of the Michelson interferometer type with a heterodyne detection system. This interferometer routinely provides density profile almost every shot except in the case of high-density plasma by ice pellet injection. When the large-sized pellet is injected to the plasma, a steep density gradient is formed in the peripheral region of the plasma, which sometimes causes the fringe jumps at the corresponding channels. In order to solve this problem, a laser imaging interferometer has been developed. The imaging system is employed by using three slab-like beams and multichannel detector arrays to measure the fine structures of the density profile and fluctuations. For the long-pulse operation of LHD, a three-channel laser polarimeter was developed since polarimetry is free from fringe jump errors from which interferometers often suffer, and does not need the time history. The specifications of each density diagnostic are summarized in Table I .
II. ELECTRON DENSITY DIAGNOSTICS

A. FIR Laser Interferometer
A 13-channel FIR laser interferometer has been routinely operated for the precise measurements of the electron density profile. The optical configuration is of the Michelson interferometer type with a heterodyne detection system. The light source is a highly stable twin 118.8-m laser pumped by a cw laser [8] . The spatial and time resolutions are 90 mm and 1 s, respectively. The overall accuracy of the system is about 1/100 of a fringe, corresponding to a minimum measurable line-integrated density of 10 m . This interferometer routinely provides density profile almost every shot except in the case of high-density plasma produced by ice pellet injection. Fig. 1 shows a schematic drawing of the interferometer system. The FIR lasers are installed in the laser room 30 m away from the LHD, and the laser beams propagate about 40 m through a couple of the dielectric waveguides to reach the optical bench of the interferometer. The optical housing, where 150 optical components are installed, is mounted on a massive frame. The frame encircles the plasma vacuum vessel and floats on three pneumatic vibration isolation mounts. This isolation stand is 18.4 m tall and weights about 30 tons. The diameter of the three main supports is 712 mm. The upper shelf of the stand supports 13 corner cube reflectors, which are located immediately above the vacuum windows, while the interferometer housing mm is supported by the lower shelf which is located below the floor of the LHD. The optical housing is airtight and filled with dry air in order to reduce absorption of the laser radiation by atmospheric water vapor. Flexible airtight ducts are used between the optical housing and LHD. One of the main objectives of the LHD project is to demonstrate currentless and disruption-free steady-state plasmas with high performance. Fig. 2(a) shows the time behavior of the line integrated densities of a long pulse discharge sustained by the NBI injection for 80 s. The injection energy and power of the beam are 100 keV and 0.5 MW, respectively. The line-averaged density is kept constant 10 m by a gas puff system with a feedback loop using the central FIR chord signal as a feedback signal for the first 6 s, and subsequently controlled manually by watching the plasma light on a TV monitor. The density oscillation with the long period of 40 s is caused by the manual control of a gas puffing, and the density was maintained at (1.5-2) 10 m . The wall pumping effect continues during the shot and enables the density control with the gas puffing for 80 s. Fig. 2(b) shows the time evolution of the density profile obtained by Abel inversion of the data in Fig. 2(a) . The measured density profile is relatively uniform at the constant density phase and has steep gradient near the edge of the plasma.
B. Two-Color Millimeter-Wave Interferometer
A two-color millimeter-wave interferometer has been developed for the measurement of line integral electron density. To reduce the refractive effects caused by the density gradient, the interferometer chord is located on the horizontal mid plane. In order to ensure good discrimination between phase changes due to the mechanical effects and those due to the plasma, we have used a wider range of two colors at 140 and 285 GHz. For combining two different frequency sources and reducing the internal losses of the standard waveguide components in high-frequency region, we have applied a low-loss quasi-optical (QO) circuit, as is shown in Fig. 3 , where Gaussian beam-mode analysis was used to design the optics. The dynamic range of the QO system was measured to be more than 70 dB. The total loss in the transmission line including plasma losses is expected to be less than 40 dB. The difference between signal and local oscillators (LOs) at both 140 and 285 GHz is accurately fixed at 1 GHz and the heterodyne beat signals are down converted into 1-MHz IF signals, and finally fed to the fringe counters [9] .
All of the components making up the two-color interferometer, except the transmission line, are attached on both sides of an aluminum plate (1700 1500 mm, 25 mm in thickness). Phase-locked solid-state sources generate Gaussian beams with the power of 20 and 12 mW for 140 and 285 GHz, respectively. These are overlaid in a Martin-Pupplet diplexer (M.P.D.) with a common polarization and fed into an HE11 corrugated waveguide which transports the copolarized beams to antennas, which in turn pass the wave across the plasma and back to the receiving side of the instrument. Adjustment of the M.P.D. path length will allow the polarization to be horizontal or vertical. A grid and dump on the LHD side of both the transmit and receive sides within the quasi-optics are used to insure that the polarizations are correct on both sides. Mechanical movements and changes in electron density in the plasma alter the effective path length traversed by the probing beams and, therefore, their phase. When the signal returns to the instrument a second M.P.D., which is attached on the receiver side, separates the beams into their two frequencies and passes them to mixers. The frequencies of phase-locked LOs are 139 and 284 GHz, which are exactly 1 GHz away from their probing frequencies. Using mixers, microwaves are down converted to 1-GHz beat signals with original phase information. By comparing the phase at both frequencies, both the mechanical movements and line electron density can deconvolved. Fig. 4 shows typical time behaviors of electron density measured by the140 and 285-GHz interferometer on LHD, comparing with that by the FIR interferometer. The line density measured by the two frequencies agrees within the error of 2%, and is well consistent with that measured along the vertical chord with the FIR interferometer. Time resolution of the present measurement is 90 kHz, which comes from that of the fringe counter. Since the magnetic fields of the LHD are created by steady-state superconducting coils, there is no fringe shift induced by the change of the magnetic field, which is usually observed in the normal conducting devices [10] . The observed phase noise level is within the resolution of the phase detectors in the case of short pulse plasma. In a long period, the drift of the phase with 1/15 fringes/hr is observed in the trace of the 140-GHz interferometer, which corresponds to the path length change of 0.14 mm/h.
C. Laser Imaging Interferometer
A laser imaging interferometer has been developed for electron density profile and density fluctuation measurements in addition to the FIR laser interferometer. The purposes of this diagnostic are reliable electron density monitor in high-density operation of the plasma (especially in pellet injection plasmas), precise measurement of electron density profiles near the edge of the plasma, and observations of density fluctuations. When the large-sized pellet is injected into the plasma, a steep density gradient is formed in the peripheral region of the plasma, which sometimes causes the fringe jumps on the density traces measured by the FIR laser interferometer. In order to solve this problem, a laser imaging interferometer has been developed. The imaging system is employed by using three slab-like beams and multichannel detector arrays to measure fine structure of the density profile. Fig. 5 shows the schematic view of optical setup of the laser imaging interferometer installed on LHD. This interferometer is of the Mach-Zehnder type to avoid the distortion of the image by diffraction. The wavelength is 10.6 m and the probing beams are slab-like and are the size of 250 50 mm (probing beam 1) and 280 50 mm (probing beam 2 and 3). Three slab-like beams cover almost the whole cross section of a LHD plasma. One of the problems of a laser interferometer is a large phase shift caused by mechanical vibrations due to the short wavelength. To overcome this problem all optical components are placed on the vibration isolation bench that is used for FIR laser interferometer, and coaxial YAG laser (wavelength of 1.06 m) interferometer is set up as a second color interferometer.
and YAG laser beams are combined after passing through acousto-optic modulators (AOMs) for frequency shift with the difference of 1 MHz between probing and local beams. The probing beams are expanded with use of a couple of parabolic mirrors and injected into LHD plasma vertically. The edge part of probing beam 1 that views outside of plasma is used as a reference chord. On the detection bench, a LHD plasma is imaged on a 10-or 32-channel photoconductive HgCdTe (MCT) detection array for laser radiation and on optical fiber array connected to avalanche photodiodes (APDs) for YAG laser radiation.
The first measurement was made by using probe beam 1 which passes through the plasma edge and a 10-channel detector array. The chord separation is 16 mm, improving the spatial resolution by a factor of 5 in comparison with that of the FIR interferometer. Fig. 6 shows phase distribution measured with a laser interferometer, which shows no fringe jumps on the density traces even after large-sized pellet injections at the time of and 1.5 s. Fig. 7(a) shows the comparison of time evolutions of line density measured with the laser interferometer to that with the FIR laser interferometer. The waveforms of the laser interferometer are similar to that of the FIR laser interferometer. The density profile estimated with use of slice and stack method is shown in Fig. 7(b) . The profile is almost consistent with that from the FIR interferometer, while the fine structure around is observed. YAG laser interferometer, however, was not operated on this discharge, so that it is necessary to reduce the effect of mechanical vibrations and confirm whether the structure is real or not.
D. Laser Polarimeter
A laser polarimeter with three tangential chords was developed [11] for the measurement of electron density profiles on LHD. A laser whose wavelength is 10.6 m was selected to avoid effects of the refraction. The Faraday rotation angle along toroidally tangential chords is of order of 1 . The polarimeter utilizes the frequency-shifted heterodyne detection techniques, which was proposed by Dodel and Kunz [12] , with the use of acousto-optic modulators. The achieved resolution of the Faraday rotation angle is 0.01 with a response time of 3 ms by digital complex demodulation combined with digital filtering. In order to utilize the multichannel tangential polarimeter, three retroreflectors were directly attached on the first wall of the LHD vacuum vessel as is shown in Fig. 8 . The retroreflectors are made of nonmagnetized stainless steel 316 with mirror surface coated with gold. The effective aperture of the reflector is 70 mm and the realized parallelism accuracy is less than 0.5 mrad. Fig. 9 shows one example of the Faraday rotation angle in a high-density plasma achieved by the ice pellet injection. The ratio of rotation angle of ch1 to that of ch3 is shown in Fig. 9(b) . The broken and dotted lines indicate the ratios in the cases that density profile is parabolic and flat shape, respectively. After the injection of the first pellet, the measured ratio became smaller than that in flat density profile shape and then the ratio increased gradually. This exhibits that the profile became hollow due to ablation of the pellet in a periphery region of the plasma and then the electron moved to plasma center. On the contrary, the ratio jumped up to that in parabolic profile after the second pellet injection. This is explained as follows: accompanied with the first pellet injection, the electron temperature lowered and then the second pellet was easily penetrated deeply into the plasma. Therefore, the density profile became peaked. The third and fourth pellets ablated in the peripheral region since their size is small, and then the density profile changed to the peaked one gradually. As is shown above, the tangential polarimeter could observe the time behavior of the density profile after pellet injections. Fig. 10 shows the electron density profile after the pellet injection estimated from the polarimeter data, comparing with the FIR data. Here, we used the value, which affects the rotation angle, from diamagnetic measurement and calculated iteratively assuming the profile is parameterized as where is the normalized magnetic flux radius and is the plasma boundary radius. The error of the profile is considerably small because the rotation angle at the time of Fig. 10 is much larger than fluctuations of the base line, while in the case of a low-density plasma, an error caused by fluctuation cannot be neglected. The profile estimated from the polarimeter is almost consistent with the FIR interferometer data. This result substantiates that the laser tangential polarimeter has the feasibility of the electron density profile measurement.
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